1 6 0 7 r e S O u r C e Cytosine methylation serves as a critical epigenetic mark by modifying DNA-protein interactions that influence transcriptional states and cellular identity. Such methylation modulates core epigenomic processes, including gene expression, X-chromosome inactivation, silencing of repetitive elements, imprinting, and regulation of centromeric and telomeric heterochromatin 1 . 5-methylcytosine (5-mC) has generally been viewed as a stable covalent modification to DNA; however, the fact that 5-mC can be enzymatically modified to 5-hmC by Tet family proteins through Fe(II) α-KG-dependent hydroxylation yields a new perspective on the previously observed plasticity in 5-mC-dependent regulatory processes 2-4 . Indeed, Tet1 and Tet2 are critical for embryonic stem cell (ES cell) self-renewal, normal myelopoiesis, myeloid leukemia and gliomas 2,5-8 . However, despite the emerging importance of 5-hmC in regulating pluripotency and myelopoeisis, very little is known about the function of 5-hmC during neurodevelopmental processes because of a lack of detailed genomic maps of 5-hmC in such contexts. Given the distinct genomic distributions that were recently reported for 5-hmC in ES cells and adult brain [9] [10] [11] [12] , establishment of comprehensive 5-hmC maps in the context of neurodevelopment and aging is critical toward understanding the role of this base modification in these processes.
r e S O u r C e
Cytosine methylation serves as a critical epigenetic mark by modifying DNA-protein interactions that influence transcriptional states and cellular identity. Such methylation modulates core epigenomic processes, including gene expression, X-chromosome inactivation, silencing of repetitive elements, imprinting, and regulation of centromeric and telomeric heterochromatin 1 . 5-methylcytosine (5-mC) has generally been viewed as a stable covalent modification to DNA; however, the fact that 5-mC can be enzymatically modified to 5-hmC by Tet family proteins through Fe(II) α-KG-dependent hydroxylation yields a new perspective on the previously observed plasticity in 5-mC-dependent regulatory processes [2] [3] [4] . Indeed, Tet1 and Tet2 are critical for embryonic stem cell (ES cell) self-renewal, normal myelopoiesis, myeloid leukemia and gliomas 2, [5] [6] [7] [8] . However, despite the emerging importance of 5-hmC in regulating pluripotency and myelopoeisis, very little is known about the function of 5-hmC during neurodevelopmental processes because of a lack of detailed genomic maps of 5-hmC in such contexts. Given the distinct genomic distributions that were recently reported for 5-hmC in ES cells and adult brain [9] [10] [11] [12] , establishment of comprehensive 5-hmC maps in the context of neurodevelopment and aging is critical toward understanding the role of this base modification in these processes.
Epigenetic plasticity in DNA methylation-related regulatory processes influences activity-dependent gene regulation [13] [14] [15] , learning and memory 16, 17 , and repeat-associated transcript expression 18, 19 in the CNS. Hydroxylation of 5-mC to 5-hmC presents a particularly intriguing epigenetic regulatory mechanism in the mammalian brain, where its dynamic regulation is critical 20 . In the CNS, 5-hmC is substantially enriched relative to many other tissues and cell types; for instance, 5-hmC levels in the brain are approximately tenfold greater than those seen in ES cells 3, 10, 21 . In Purkinje cells of the cerebellum, 5-hmC is approximately 40% as abundant as 5-mC and is enriched relative to granule cells 22 , further suggesting cell type-specific functions for 5-hmC. In addition, in certain neurodevelopmental contexts, neuronal stimulation dictates activity-dependent region-specific active 5-mC demethylation [13] [14] [15] , highlighting the importance of DNA methylation dynamics in neuronal function. Disruption of DNA methylation-related processes leads to diverse neurological disorders, often characterized by postnatal manifestation 23 . Mutations in genes encoding proteins that directly bind to methylated DNA (methyl-CpG-binding proteins such as methyl-CpG-binding protein 2, MeCP2) or place 5-mC marks (DNA methyltransferase, DNMT3B) result in distinct neurodevelopmental disorders involving dysregulation of both coding genes and repetitive elements [24] [25] [26] [27] . MeCP2 also modulates activity-dependent gene expression in which neuronal stimulation results in site-specific phosphorylation, release from chromatin and localized loss of DNA methylation 13 . Despite the known interaction between MeCP2 and dynamic DNA methylation, the mechanisms by which such regulation occurs remain obscure. Insight into 5-hmC states in the presence and absence of MeCP2 therefore provides a new perspective through which to consider epigenomic regulation in the context of neurological disease. To unravel the biology of 5-hmC, we recently developed a selective chemical-labeling method for 5-hmC that uses T4 bacteriophage β-glucosyltransferase to transfer an engineered glucose moiety containing an azide group onto the hydroxyl group of 5-hmC, which can then chemically incorporate a biotin group for detection, affinity enrichment and sequencing 10 . Using this technology, we generated, to the best of our knowledge, the first genome-wide maps of 5-hmC in mouse cerebellum and hippocampus during development and aging, which provide a detailed epigenomic view of regulated 5-hmC in CNS. We found that 5-hmC was depleted on the X chromosome in both males and females. Our analyses suggest that there is dynamic regulation of 5-hmC during neurodevelopment and aging. In addition to the association of 5-hmC with the bodies of developmentally activated genes, we also observed developmentally regulated dynamics of 5-hmC at repetitive loci during neurodevelopment. Comprehensive analysis of 5-hmC distributions in human cerebellum further revealed conserved characteristics of 5-hmC in mammals. Finally, we found dosage-dependent genomic 5-hmC content in mouse models of Rett syndrome, a neurodevelopmental disorder that is caused by de novo mutations in the MECP2 gene, which encodes the 5-mC-specific binding protein MECP2. Together, these data suggest that 5-hmC-mediated epigenetic regulation is critical in neurodevelopment, aging and human diseases.
RESULTS
Acquisition of 5-hmC during neurodevelopment and aging DNA methylation is critical for proper postnatal neurodevelopment and undergoes age-dependent changes in the adult brain 28, 29 . However, the neurodevelopmental and age-dependent dynamics associated with 5-hmC remain poorly understood. To address these issues, we assessed the abundance of 5-hmC in mouse cerebellum and hippocampus during neurodevelopment and aging by immunohistochemistry with a 5-hmC-specific antibody 2, 10 . We examined 5-hmC in mice at postnatal day 7 (P7), 6 weeks and 1 year of age. Immunohistochemistry of 5-hmC in developing (P7) and adult cerebellum (6 weeks) indicated that there was substantial overlap between 5-hmC-positive and NeuN-positive neuronal cells in the granule cell layer (Fig. 1a,b) . Compared to P7, the intensity of 5-hmC in granule cells was substantially increased in cerebellum at 6 weeks (Fig. 1a,b) . Enrichment of 5-hmC in calbindin-positive Purkinje cells, relative to cells in the granule cell layer, occurred in the cerebellum at both P7 and 6 weeks (Fig. 1c,d) ; however, highly proliferative progenitor cells in the external granule layer of P7 cerebellum generally lacked 5-hmC (Fig. 1a,c and Supplementary Fig. 1a) . In hippocampus, we found enrichment of 5-hmC in NeuN-positive cells in the dentate gyrus granule cell layer of both P7 and adult mice (Fig. 1e,f and Supplementary Fig. 1b) . At P7, however, immature neurons (NeuN negative) have very low levels or a complete absence of 5-hmC. Similarly, there was a substantial reduction in 5-hmC staining in subgranular Nestin-positive neural progenitor cells ( Supplementary  Fig. 1c) . We also observed enrichment of 5-hmC in NeuN-positive mature neurons in the granular cell layer of the olfactory bulb relative to cells in the anterior of the subventricular zone, a region of high neurogenic capacity that is driven by neural stem cells ( Supplementary  Fig. 2 ). Colocalization of 5-hmC with mature neuronal cells (calbindin and NeuN positive), but not immature neurons, suggests that 5-hmC is involved with neuronal development.
Furthermore, 5-hmC-specific immunoblot analyses revealed a significant increase from P7 to adult in both cerebellum and hippocampus, with a 4.22 ± 0.14-fold increase in cerebellum (P < 0.001) and a 2.57 ± 0.2-fold increase in hippocampus (P < 0.01) (Fig. 1g,h and Supplementary  Fig. 1c,d) , consistent with the developmental enrichment of 5-hmC observed by immunocytochemistry. We also noted a significant increase in 5-hmC during aging from 6 weeks to 1 year (21.1% increase, P < 0.05; Fig. 1g ) in cerebellum, but not in hippocampus. Together, these data suggest that both developmental programming and age-dependent alterations of 5-hmC occur in the mammalian brain.
Features of neurodevelopmentally regulated 5-hmC
To assess genome-wide 5-hmC distributions during neurodevelopment and aging, we employed a previously established method for specific chemical labeling, affinity enrichment and deep sequencing of 5-hmC-containing DNA 10 . We generated 5-hmC-enriched sequences, as well as sequences from unenriched input genomic DNA, from multiple biological replicates per age and brain region, resulting in ~25 million nonduplicate reads per biological condition (Supplementary Table 1) .
Genome-scale patterns of 5-hmC were first assessed using binned data. Overall, input-normalized binned data were highly correlated among all samples, with Pearson coefficients ranging from 0.81 to 0.96 (10-kb bins), indicating that the genomic distributions of 5-hmC were both reproducible and highly similar in mouse cerebellum and hippocampus ( Fig. 1i and Supplementary Fig. 3 ). However, hierarchical clustering clearly distinguished patterns of cerebellum-and hippocampus-specific 5-hmC enrichment (Fig. 1j,k and Supplementary  Fig. 3 ). Similarly, developmentally dependent loci, or those differentially marked in P7 and adult (both 6 weeks and 1 year) mice, were clear (Fig. 1l) . Although 5-hmC signals were highly correlated genome wide, specific brain regions tended to be more similar to one another, with the largest same-tissue differences being observed between P7 and adult (6 weeks and 1 year) cerebellum. This difference is likely a result of the marked developmental changes between these tissues, as compared with those found in hippocampus ( Fig. 1i and Supplementary Fig. 1 ). Together, these data strongly indicate that tissue-specific and developmentally regulated dynamics associated with 5-hmC occur in the brain.
Previously, we found that 5-hmC associates with the bodies of more highly expressed genes in adult cerebellum. We further assessed 5-hmC read density in and around genes for all of the ages and regions that we tested. We found that 5-hmC associated with gene bodies and defined gene proximal regions (~875 bp upstream of transcription termination site (TSS), ~160-200 bp downstream of TTS) in both hippocampus and cerebellum ( Supplementary Fig. 4a,b) . In cerebellum, metagene analysis indicated that genic 5-hmC reflected age-dependent changes observed in bulk genomic 5-hmC during development and aging, whereas less pronounced changes are detectable in hippocampus (Supplementary Fig. 4a,b) .
To further explore the relationship between 5-hmC and gene expression in brain, we determined 5-hmC read densities in and around genes ranked by the expression level in P7 and adult cerebellum ( Supplementary Fig. 5a and Supplementary Data Set 1). Notably, we found that 5-hmC displayed a TSS-associated bias at genes with lower expression only in P7 cerebellum, where a substantial number of progenitor cells remain. Such a distribution is reminiscent of that observed in mouse and human ES cells, where 5-hmC can be enriched at the TSS of repressed, but developmentally poised, genes 12, 30, 31 . On the other hand, in adult cerebellum, genes with low expression did not exhibit distinct TSS-associated 5-hmC and intragenic 5-hmC scaled more closely with gene expression levels (Supplementary Fig. 5a ). To further assess the gene expression-dependent dynamics of genic 5-hmC, we measured 5-hmC densities at developmentally activated genes and compared them with 5-hmC densities at repressed or unaltered genes. We found an increase in 5-hmC signals at genes r e S O u r C e exhibiting activation from P7 to adult compared with unaltered genes, whereas genes that were repressed exhibited only a slight decrease in 5-hmC ( Supplementary Fig. 5b-d) . These results are consistent with the notion that 5-hmC is associated with actively transcribed genes in adult cerebellum and demonstrate that 5-hmC is acquired in developmentally activated genes.
The observation that 5-hmC is acquired in developmentally activated genes, but is not significantly reduced at repressed genes, suggests that a primary function of 5-hmC in brain may be to offset 5-mC-related repressive effects by reducing 5-mC levels. We therefore tested 5-mC levels using 5-mC-specific DNA immunoprecipitation (MeDIP) at ten intragenic loci that displayed increased mRNA and 5-hmC expression in cerebellum from 6-week-old mice relative to P7 mice. On average, the ten loci tested displayed a 32% reduction in 5-mC levels, whereas there was no substantial reduction in 5-mC in multiple control loci (with similar 5-hmC enrichment at P7 and 6 weeks and unaltered mRNA expression or no 5-hmC enrichment at P7 and 6 weeks; Supplementary Fig. 6a,b) . Notably, however, a number of developmentally activated genes with increased 5-hmC did not display a concomitant decrease in 5-mC by MeDIP. Given the overall depletion of CpG dinucleotides in the 5-hmC-enriched regions that we tested (ratio of observed to expected CpG dinucleotide frequency = 0.28; Supplementary Fig. 6a ), these data suggest the presence of non-CpG 5-hmC in these developmentally activated genes. In fact, non-CpG DNA methylation has previously been detected in 5-hmCenriched regions in mouse ES cells 9 , and positively correlates with gene expression in human ES cells 32 .
The genomic distributions of 5-hmC in both hippocampus and cerebellum are notably distinct from those observed in ES cells, with some overlapping features [9] [10] [11] [12] . Specifically, 5-hmC was enriched throughout gene bodies in the brain, whereas 5-hmC was also present in ES cells in the bodies of active genes, although to a lesser degree than that found in the brain. At the TSSs of repressed genes in ES cells, 5-hmC could co-occur with repressor complexes, whereas 5-hmC r e S O u r C e appeared to be largely depleted from TSSs in the brain. Notably, even at developmentally repressed genes, we found little to no change in TSS-associated 5-hmC. These data suggest distinct regulation of 5-hmC in brain as compared with ES cells, and may point toward diverse mechanisms regulating 5-hmC at TSSs and gene bodies.
Depletion of 5-hmC on the X chromosome Chromosomal 5-hmC densities indicated that the distribution of 5-hmC in the genome is nonrandom, whereas non-enriched (input) genomic DNA read densities closely followed the values that would be expected by chance if reads were randomly distributed among chromosomes. We observed substantial depletion of 5-hmC on the X chromosome ( Fig. 1m-o) . Depletion on the X chromosome occurred in hippocampus and cerebellum at all ages, as well as in both males and females (Fig. 1o) . Independent sequencing of 5-hmC in the rat brain also revealed a depletion of 5-hmC on the X chromosome relative to the autosomes ( Supplementary Fig. 7a ). The depletion of 5-hmC on the X chromosome may reflect the unique dynamics of DNA methylation on this particular chromosome required for dosage compensation. In fact, X inactivation in human ES cells has been reported to be uniquely sensitive to oxygen levels, which may influence Tet-mediated hydroxylation of 5-mC 33 . Although 5-hmC was depleted at the chromosomal level, we found localized enrichment of 5-hmC at genes escaping X inactivation, including Xist and Utx (Supplementary Fig. 7c ), specifically in females. Such enrichment was not a result of an increased number of the X chromosome reads in females, as more distal regions exhibited similar depletion in males and females ( Supplementary Fig. 7c ). These results may implicate 5-hmC-associated regulatory pathways in escape from X inactivation and may implicate 5-hmC in regulating dosage compensation.
Tissue-specific differentially hydroxymethylated regions
Immunostaining and bulk quantification of 5-hmC suggested that developmental programming of 5-hmC occurred in the brain. To comprehensively localize brain region-specific and neurodevelopmentally regulated 5-hmC-enriched regions (differential 5-hydroxymethylated regions, DhMRs) at the genome-wide level, we tested each of the 36 possible pairwise comparisons between different ages and brain regions using a Poisson-based method 34 . We identified a total of 555,195 DhMRs among all samples (P ≤ 10 −5 ; Table 1 and Supplementary Data Sets 2-7). Overall, 60% of DhMRs were intragenic (1.79-fold > expected) and were most enriched in exons (5.7-fold greater than expected; Fig. 2a) . Notably, we also observed a 2.0-2.7-fold enrichment of DhMRs at non-TSS-associated CpG islands (CGIs) and within ±2 kb of CGIs (Fig. 2a) . Although we found a slight enrichment of DhMRs within ±500 bp of TSSs (1.87-fold greater than expected), DhMRs were depleted at CGI TSSs (1.53-fold less than expected) (Fig. 2a) . Notably, DhMRs were also less frequent than would be expected intergenically (1.64-fold less than expected; Fig. 2a) . Consistent with this, we found that, as a group, DhMRs tended to be slightly enriched for both GC content and CpG dinucleotide frequency, but differed substantially in each compared with CGIs (Supplementary Fig. 8a ). These data demonstrate that, in mouse hippocampus and cerebellum, 5-hmC-regulated regions are most enriched in intragenic regions and intragenic CGIs of intermediate CpG and GC content.
DNA methylation can direct cell-and tissue-specific transcriptional programs in brain. Whether or not 5-hmC is similarly involved in these processes is unclear. To examine the tissue specificity exhibited by 5-hmC, we identified hippocampus-and cerebellum-specific DhMRs unique to each tissue at all of the ages that we tested (Fig. 2) . We identified 633 cerebellum-specific DhMRs (P < 10 −5 , 3.75-fold average increase in 5-hmC signal; Tissue-specific DhMRs marked tissue-specific genes. For instance, among 633 cerebellum-specific DhMRs, we identified three regions (P = 1.774 × 10 −44 , 2.72 × 10 −23 and 1.10 × 10 −17 ; Fig. 2c ) directly upstream of the Engrailed homeobox gene En2. En2 is a crucial regulator of cerebellum pattern formation and is highly enriched in cerebellum 35 . Notably, these peaks directly overlapped a previously identified paired-box group 2 (Pax2/5/8)-regulated enhancer element 36 , consistent with recent observations in mouse and human ES cells, suggesting that 5-hmC is involved in distinct gene regulatory elements including enhancers 9, 12, 31 . In hippocampus, a large intragenic peak (P = 9.79 × 10 −44 ; Fig. 2f ) in Nr2e1 (nuclear receptor subfamily 2, group E, member 1, also known as TLX) was also identified as being highly specific. Enrichment of 5-hmC specifically in cerebellum or hippocampus at En2 and Nr2e1, respectively, at all of the ages tested was verified in independent samples by quantitative PCR (qPCR; Fig. 2d,g ), demonstrating the reproducibility of DhMR identification through direct comparison of 5-hmC-enriched sequence sets. Thus, 5-hmC likely influences brain region-specific transcriptional programs during early brain development (before P7), facilitating tissue-specific gene expression.
DNA sequences in tissue-specific DhMRs were analyzed for motifs overrepresented at 5-hmC-regulated regions. In each tissue, a highly similar 21-nucleotide motif was identified as being significantly overrepresented (E = 1.7 × 10 −9 in cerebellum, E = 1.7 × 10 −18 in hippocampus; Supplementary Fig. 8c,d) . Notably, a similar motif was independently reported at differentially methylated regions in induced pluripotent stem cells that was detected using bisulfite sequencing, which does not distinguish 5-mC from 5-hmC 37 . The similarity among these three independent sets of differentially methylated regions might represent a common sequence motif associated with dynamically methylated regions in mammalian genomes.
Identification of stable and dynamic DhMRs 5-hmC has been proposed as an intermediate to 5-mC demethylation, a process that would suggest 5-hmC might be relatively transient. 
Alternatively, given that oxidation of 5-mC reduces the affinity of 5-mC-specific binding proteins (and thus histone deacetylaseassociated repressive complexes), 5-hmC may thereby maintain chromatin states that are more permissive toward transcription. The latter possibility suggests that 5-hmC would be stable at specified loci, counteracting 5-mC-mediated chromatin repression. Direct comparison of 5-hydroxymethylation states across three distinct ages allowed us to address whether or not 5-hmC may be maintained or lost at specific genomic locations in brain, distinguishing stable from dynamically regulated 5-hmC loci. The strong genome-wide correlations detected between different ages and brain regions are consistent with 5-hmC being relatively stable, but still exhibiting localized changes. We further examined developmentally regulated and age-dependent sets of DhMRs in detail to determine the relative stability of 5-hmC (Fig. 3) . In adult mice, we identified 6,782 regions in cerebellum (P < 10 −5 , sixfold average increase in 5-hmC signal; Fig. 3c, Supplementary Data Set 8 and Supplementary Fig. 9c ) and 90 regions in hippocampus (P < 10 −5 , 4.5-fold average increase in 5-hmC signal; Fig. 3g , Supplementary Data Set 8 and Supplementary Fig. 9d ) that acquired 5-hmC between P7 and 6 weeks of age and then maintained the mark through 1 year. We classified such loci as stable in adult, as each subsequently maintained the mark through 1 year of age, demonstrating that 5-hmC can in fact be maintained in both cerebellum and hippocampus. Notably, we detect a slight increase in 5-hmC at 1 year relative to 6 weeks at such loci in both cerebellum and hippocampus (Fig. 3c,g ). This could indicate that, at specified loci, 5-hmC may not only be maintained, but may be further acquired with age.
Other loci exhibited more dynamic regulation during neurodevelopment and/or aging; 8,931 and 404 regions in cerebellum and hippocampus, respectively, were marked in P7 samples, but lost 5-hmC at 6 weeks of age, without reacquisition at 1 year (Fig. 3a,e , Supplementary Data Set 8 and Supplementary Fig. 9a,b) . Conversely, 1,967 regions in cerebellum and 107 regions in hippocampus were specific to samples taken at 1 year of age (Fig. 3d,h , Supplementary Data Set 8 and Supplementary Fig. 9f,g ), indicating that acquisition of 5-hmC at specified loci was age dependent. Unexpectedly, we found 1,206 cerebellum loci and 271 hippocampal loci that exhibit acquisition of 5-hmC between P7 and 6 weeks of age, but loss of the mark at 1 year of age (Fig. 3b,f, Supplementary Data Set 8 and Supplementary Fig. 9g,h) . Ontology analyses of genes harboring stable and dynamic DhMRs further indicated enrichment of genes involved in neuronal function, including synaptic transmission and neurodevelopment/neuronal differentiation, whereas genes associated with DhMRs expressed specifically at 1 year of age tended to be enriched for more general cellular processes (Supplementary Data  Set 9 ). Together, these analyses suggest that, although some DhMRs are maintained in cerebellum and hippocampus, a substantial number of others display dynamic regulation at specified loci during both neurodevelopment and aging. I n t r a g e n ic C G I r e S O u r C e 5-hmC at repeat elements during neurodevelopment and aging DNA methylation is critical for regulating the ~45% of the mammalian genome that is classified as repetitive and/or derived from transposon sequences, thereby serving a defensive role against repeat-mediated genomic instability. Retrotransposition can occur during neuronal differentiation; however, the mechanisms by which retrotransposition may occur under normal conditions remain unclear 38, 39 . Given that we found 5-hmC associated with the gene bodies of more highly expressed and developmentally activated genes, we sought to assess whether 5-hmC associates with repetitive and/or transposon-derived loci in mammalian brain, and whether distinct brain regions and ages exhibited changes in repeat-associated 5-hmC. We aligned sequences to the RepeatMasker annotated portion of the genome directly. Relative 5-hmC content was measured as the proportion of reads corresponding to each repeat class in 5-hmC-enriched DNA relative to unenriched input DNA. In adult cerebellum, we found enrichment of 5-hmC on short interspersed nuclear element (SINE) and long tandem repeat (LTR) class repeats relative to unenriched genomic DNA (Fig. 4a) . Notably, 5-hmC marking of SINE and LTR class repeats increased both developmentally (from P7 to 6 weeks, 8.9% increase for SINE, 6.0% increase for LTR) and with age (from 6 weeks to 1 year, 3.1% for SINE, 1% at LTR). Such dynamic changes were further confirmed by qPCR at multiple genomic loci of each repeat subtype (Supplementary Fig. 10a ). In hippocampus, marking of repeats was more stable across ages, but also exhibited enrichment in SINE and LTR class repeats, and depletion in long interspersed nuclear element (LINE) and satellite class repeats, similar to cerebellum (Fig. 4b and  Supplementary Fig. 10b ).
Conserved characteristics of 5-hmC in human cerebellum
To address 5-hmC states in human cerebellum, we sequenced 5-hmC-enriched and input DNA derived from the cerebella of two normal individuals (34-year-old male and 40-year-old female, Fig. 5 ). Genomic distributions of 5-hmC in human samples indicated conserved characteristics when compared to mouse. In total, we identified 43,276 regions consistently enriched for 5-hmC in human cerebellum r e S O u r C e (P < 10 −5 ; Supplementary Data Set 10). Interestingly, we find more dramatic alterations in chromosome-wide 5-hmC densities relative to both input DNA and values expected by chance, compared to what was observed in mouse (Fig. 5b,c) . Consistent with mouse cerebellum, we found that 5-hmC was substantially depleted from the X chromosome in both male and female human samples (Supplementary Fig. 7b) . As in mouse, most (71%) 5-hmC-enriched loci are intragenic and highly enriched within exons (11.98-fold > expected) (Fig. 5d) . However, 5-hmC-enriched loci do tend to be more common amongst CGIs and TSSs (Fig. 5d) . Similar to mouse, 5-hmC-enriched regions are depleted in intergenic regions and less frequent in introns (Fig. 5d) . GC content and CpG frequencies are higher than randomly chosen genomic locations, but substantially lower than that of CGIs, as in mouse (Supplementary Fig. 8b) . At repetitive loci, 5-hmC was highly enriched at SINE class elements relative to input DNA in both samples tested (Fig. 5e) . There was also strong depletion in satellite repeats and substantial, albeit less, depletion in LINEs. In contrast to mouse cerebellum, we saw no substantial enrichment at LTR class repeats.
Altered 5-hmC in mouse models of Rett syndrome DNA methylation-related processes are critical for a number of neurological disorders. Rett syndrome is one such disorder that is caused by de novo mutations in the MECP2 gene. Both loss-of-function and increased MeCP2 dosage result in overlapping, but distinct, neuropsychiatric disorders 25 . These observations demonstrate the importance of MeCP2 dosage in proper neuronal function. However, the state of DNA methylation-related dynamics in the presence or absence of MeCP2 on a genomic scale has gone unexplored. Given that 5-hmC is derived from 5-mC, a simple model predicts that, through its affinity for methyl-CpG, MeCP2 may protect conversion of 5-mC to 5-hmC. As such, we quantified genomic 5-hmC levels in mouse models of Rett syndrome, including multiple independent knockout strains (Mecp2-/y tm1.1Jae and Mecp2-/y tm1.1Bird ) and a transgenic strain overexpressing MeCP2 at twice the levels seen in wild type (FVB-Tg(MECP2)1Hzo/J). Genomic 5-hmC was measured at 6-8 weeks of age, a time period relevant to the phenotypes arising in Mecp2 mutants 26, 27 . We found that the overall abundance of 5-hmC r e S O u r C e in cerebellum was negatively correlated with Mecp2 dosage, exhibiting a ~20% increase in the absence of Mecp2 and a ~25% decrease in MeCP2-overexpressing animals (Fig. 6a) . These data indicate that binding of Mecp2 to 5-mC may indeed serve to protect the conversion of 5-mC to 5-hmC. To further test this, we asked whether the methylCpG-binding domain (MBD) of Mecp2 could block hydroxylation of 5-mC DNA by the catalytic domain of Tet1 (Tet1-CD) in vitro. Consistent with bulk quantification of 5-hmC in mouse cerebellum, we found that Mecp2-MBD was capable of preventing Tet1-CDmediated hydroxylation of ~90% of 5-mCs at a molecular ratio of 1:1 (Mecp2-MBD to 5-mC; Supplementary Fig. 11) .
We subsequently captured and sequenced 5-hmC-containing DNA from multiple Mecp2-/y tm1.1Bird cerebella, such that genomic 5-hmC profiles could be compared with those described above (Fig. 6b-f) . Consistent with the overall increase in 5-hmC, we found that intragenic 5-hmC was significantly increased in Mecp2 −/y tissue (P < 0.05; Fig. 6c) . Notably, the increase was restricted to the gene body, and we observed no increase in 5-hmC at the characteristic peak upstream of TSSs (Fig. 6c) . This suggests a potential gene body-specific function of Mecp2 at regions marked with 5-hmC. At repetitive loci, we also found the enrichment of 5-hmC at each major repeat class (LTR, SINE, LINE), with the exception of satellites, relative to input genomic DNA (Fig. 6c) . This is consistent with previous reports of Mecp2-mediated regulation of L1 (LINE)-and IAP (LTR)-type repeat expression in the brain 18, 19 . Given the association of 5-hmC with more highly expressed genes, these data hint at a mechanism by which expression of retrotransposon transcripts may be activated in the absence of MeCP2, which has been observed in both mice and humans.
In adult (6 week) cerebellum, we identified DhMRs that obtained 5-hmC from P7 to 6 weeks of age, but then either retained or lost 5-hmC by 1 year of age. As these regions represent stable and dynamically modified 5-hmC loci, we sought to assess the fate of 5-hmC at these regions in the absence of Mecp2, such that any potential role for Mecp2 in regulating DNA methylation dynamics could be deciphered. To do so, we measured 5-hmC signals in each independent set of DhMRs. We found that, at regions stably modified in 6 week and 1 year cerebellum, 5-hmC signals were nearly identical between normal and Mecp2 −/y mice (Fig. 6d) ; however, at dynamically modified loci, we found an average decrease of 39% in 5-hmC signals in the absence of Mecp2 (Fig. 6f) . These findings together suggest that dynamic DhMRs could be important during neurodevelopment and that loss of Mecp2 could influence DNA methylation dynamics at DhMRs during adulthood.
DISCUSSION
To elucidate the influence of 5-hmC on epigenomic dynamics in mammalian brain, we generated detailed epigenomic maps of 5-hmC expression in mouse cerebellum and hippocampus during postnatal neurodevelopment and aging. We observed a marked depletion of 5-hmC on the X chromosome and identified both stable and dynamic DhMRs during postnatal neurodevelopment and aging. In addition to the association of 5-hmC with the bodies of developmentally activated genes, we also observed developmentally regulated dynamics of 5-hmC at repetitive loci, including acquisition of 5-hmC in SINEs and LTRs during neurodevelopment. Genome-wide analyses of 5-hmC distributions in human cerebella further revealed conserved characteristics of 5-hmC in mammals. Finally, we found that the overall abundance of 5-hmC was negatively correlated with MeCP2 dosage. Notably, the loss of Mecp2 led to the specific reduction of 5-hmC signals at dynamic DhMRs. Together, these data suggest that 5-hmC is important during postnatal neurodevelopment and aging, as well as in human neurological disorders.
We found that 5-hmC markedly increased from the early postnatal stage to adulthood, suggesting a strong correlation between 5-hmC and neurodevelopment. Tet proteins (Tet1, Tet2 and Tet3) are known to oxidize 5-mC to 5-hmC 2, 3 . Notably, using microarray analyses, we found no significant increase in Tet family gene expression during neurodevelopment (P > 0.05; Supplementary Fig. 12) , suggesting that the changes in genomic 5-hmC cannot be explained simply by changes in Tet expression. This indicates that, if Tet family proteins are responsible for 5-mC hydroxylation in brain, Tet activity might be modified post-transcriptionally or through additional co-factors.
Among all of the samples that we tested, analyses of DhMRs indicated that they most frequently associated with genes bodies, r e S O u r C e becoming enriched in developmentally activated genes during neurodevelopment. Gene ontology analyses on the set genes that both acquired 5-hmC and were activated in cerebellum from P7 to 6 weeks confirmed substantial enrichment of genes involved in cerebellum development and various neuronal functions (Supplementary Data Set 9), consistent with 5-hmC having a role in neurodevelopment. Furthermore, assessment of 5-mC levels at such genes demonstrated that a substantial fraction also displayed reduced 5-mC from P7 to 6 weeks, consistent with the notion that conversion of 5-mC to 5-hmC may serve to offset the repressive effects of 5-mC. However, we also found that some such genes did not show substantial differences in 5-mC levels as measured by MeDIP. Given that dynamically regulated 5-hmC loci tended to be depleted in CpG dinucleotides ( Supplementary Figs. 6d and 8b) , these data may indicate that nonCpG 5-hmC is involved in gene activation. Notably, a recent report found strand-specific non-CpG DNA methylation at 5-hmC-enriched loci in mouse ES cells, and strand-specific non-CpG methylation also correlates positively with gene expression in human ES cells 9 . Together, these data could suggest the involvement of intragenic nonCpG 5-hmC in gene activation in the CNS, although further studies resolving 5-mC and 5-hmC at single base resolution will be required to fully resolve the roles of each. Intragenically, 5-hmC associates with CGIs, but is much less frequent at CGIs associated with TSSs. Previous observations have suggested that TSS-associated 5-mC hydroxylation, via Tet family proteins, is involved in both maintaining gene expression of pluripotent associated genes and poising expression of developmentally regulated genes in ES cells 2, 5, 12, 30, 40 . In ES cells, intragenic 5-hmC tends to be highest in moderately expressed genes 11, 12, 31 . Our data suggest a more substantial enrichment of 5-hmC in gene bodies in brain relative to ES cells. In the context of current genome-wide 5-hmC datasets [9] [10] [11] [12] , the comprehensive 5-hmC maps that we generated suggest distinct regulation of 5-hmC in brain as compared with ES cells, and highlight the potentially diverse mechanisms regulating 5-hmC at TSSs and gene bodies.
The depletion of 5-hmC specifically on X chromosome in both males and females was surprising. In females, depletion of 5-hmC on the X chromosome may be expected from previous reports that found less DNA methylation on the inactive X chromosome 41 . However, depletion in males is rather unexpected, as all cells must harbor an active X chromosome. These results may suggest that the maintenance of an active X chromosome, in both males and females, is generally associated with lower 5-hmC levels. Mechanistically, it is possible that the X chromosome is subjected to unique epigenetic dynamics or signature sequences that would prevent conversion of 5-mC to 5-hmC or, perhaps equally likely, promote the further modification of 5-hmC to unmethylated cytosine. Whether this phenomenon functions in cis or requires in trans factor(s) would need further investigation.
Our data suggest that, although 5-hmC is maintained at many specified loci, it could also be dynamically regulated during neurodevelopment and aging. It has been proposed that hydroxylation of 5-mC serves either as an intermediate to 5-mC demethylation or as a stable epigenetic modification to DNA that is distinct from 5-mC, perhaps depending on its relative stability across the genome. Our data suggest that 5-hmC can be stable across three distinct ages in two mouse brain regions: cerebellum and hippocampus. Consistent with this, we identified sets of 5-hmC-regulated loci that clearly maintained 5-hmC from 6 weeks to 1 year of age in each region tested. However, more dynamically regulated loci were also present in both cerebellum and hippocampus. Clearly, the refinement of genome-scale 5-hmC maps in specific subtypes of neuronal cells will be important in the future to give us a full understanding of the influence of 5-hmC on DNA methylation dynamics in the CNS.
Transposable elements make up a substantial portion of most eukaryotic genomes and could affect genome diversity and human disease either by insertional mutagenesis or by contributing recombination substrates, both during and long after their integration 42 . Recent work suggests transposable elements may upregulate the expression of host genes and function as part of genome-wide regulatory networks 43 . Somatic retrotransposition of L1-type LINEs has been seen in the human brain and may influence neurogenesis and/or affect neuronal function 39 . In addition, epigenetic regulatory mechanisms have been directly linked to the regulation of transposon mobilization. Our analyses revealed that 5-hmC was also enriched in transposable elements, particularly SINE-and LTR-type repeats in mammalian brain. The enrichment of 5-hmC was dynamically regulated during neurodevelopment and aging in mouse cerebellum. At this time, however, whether 5-hmC-mediated epigenetic regulation is involved in transposon mobilization requires further investigation.
We also examined genomic 5-hmC distributions in the context of human neurological disorders. We focused on Rett syndrome, which is caused by de novo mutations in the MECP2 gene 24 . Mecp2 deficiency results in global changes in neuronal chromatin structure, and Mecp2 can dampen transcriptional noise genome-wide in a DNA methylation-dependent manner 19 . Mecp2 has also been implicated in neuronal activity-dependent gene regulation 44, 45 . These observations indicate that Mecp2, through its affinity for 5-mC, could serve to temper transcription by modulating the conversion of 5-mC to 5-hmC. Our results indicate that the overall abundance of 5-hmC in cerebellum is negatively correlated with Mecp2 dosage and that the Mecp2-MBD may directly inhibit Tet1-CD-mediated hydroxylation of 5-mC. Consistent with this, our sequencing analyses suggest that, overall, both intragenic and transposable element-associated 5-hmC is increased in the absence of Mecp2. However, the loss of Mecp2 led to a 39% reduction of 5-hmC specifically at the dynamic, but not stable, DhMRs that we identified. This unexpected paradox might be explained by different modes of action of Mecp2 at epigenetically stable and dynamic regions. Globally, Mecp2 could dampen transcriptional noise by maintaining 5-mC and preventing conversion to 5-hmC, explaining the negative correlation between Mecp2 dosage and overall 5-hmC. Indeed, Mecp2 is expressed at near histone octamer levels and is bound genome-wide in cerebellum neurons 19 . However, redundancy exists in MBDs and may function to impart robustness at a subset of loci. At epigenetically stable regions, such as those maintaining 5-hmC from 6 weeks to 1 year, redundant MBD-associated mechanisms may maintain the equilibrium between 5-mC and 5-hmC in the absence of Mecp2. However, at more dynamically modified loci, such as those that acquire 5-hmC between P7 and 6 weeks, but subsequently lose the mark at 1 year, there may be a less redundant mechanism. At such loci, Mecp2 may be the predominant MBD, and the loss of Mecp2 would lead to a change in the equilibrium between 5-mC and 5-hmC.
An intriguing possibility raised by such a Mecp2-predominant mechanism would be its involvement at developmentally activated or neuronal activity-dependent loci. On stimulation, Mecp2 may disassociate, allowing specific transcription factor(s) to activate gene expression, which could involve recruitment of Tet proteins to hydroxylate 5-mC. In the absence of Mecp2, this dynamic would be compromised, leading to a reduction in 5-hmC. Notably, such a mechanism could explain transcriptional activating affects observed at a subset of genes in MeCP2 transgenic animals. More recently, in addition to its role during neurodevelopment, MeCP2 has been shown to be required for adult neurological function 46 . It is possible that these dynamic loci r e S O u r C e could be important in these processes as well; however, it remains to be determined whether the loss of MeCP2 in adulthood could alter 5-hmC modification at these loci.
To summarize, we generated detailed genome-wide maps of 5-hmC in mouse cerebellum and hippocampus during postnatal development and aging and characterized dynamic regulation of 5-hmC during neurodevelopment and aging, pointing to critical role(s) for 5-hmC in neurodevelopment. Our results could lay the groundwork for further exploration into the influence of 5-hmC on epigenomic dynamics in normal brain function and human diseases.
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